Viral infection causes activation of the transcription factors NF-κB and IRF3, which collaborate to induce type I interferons (IFNs) and cellular antiviral response. The mitochondrial outer membrane protein VISA acts as a critical adapter for assembling a virus-induced complex that signals NF-κB and IRF3 activation. Using a biochemical purification approach, we identified the WD repeat protein WDR5 as a VISA-associated protein.
Viral infection causes activation of the transcription factors NF-κB and IRF3, which collaborate to induce type I interferons (IFNs) and cellular antiviral response. The mitochondrial outer membrane protein VISA acts as a critical adapter for assembling a virus-induced complex that signals NF-κB and IRF3 activation. Using a biochemical purification approach, we identified the WD repeat protein WDR5 as a VISA-associated protein.
WDR5 was recruited to VISA in a viral infection dependent manner. Viral infection also caused translocation of WDR5 from the nucleus to mitochondria. Knockdown of WDR5 impaired the formation of virusinduced VISA-associated complex. Consistently, knockdown of WDR5 inhibited virus-triggered activation of IRF3 and NF-κB as well as transcription of the IFNB1 gene. These findings suggest that WDR5 is essential in assembling a virus-induced VISA-associated complex and plays an important role in virus-triggered induction of type I IFNs.
innate immunity | interferon | mitochondrial signal transduction V iral infections are sensed by pattern-recognition receptors (PRRs) of the innate immune system that recognize pathogenassociated molecular patterns (PAMPs). Viral RNAs as PAMPs are recognized by membrane-bound toll-like receptors (TLRs), such as TLR3, 7, and 8, as well as the cytosolic RIG-I-like receptor (RLR) family members RIG-I, MDA5, and Lgp2 (1) (2) (3) (4) . Recognition of viral RNAs by the PRRs triggers a series of signaling events that lead to induction of type I interferons (IFNs). Type I IFNs activate the JAK-STAT signal transduction pathways, leading to transcriptional induction of a wide range of downstream antiviral genes and subsequent innate antiviral response (5) (6) (7) (8) .
Transcriptional induction of type I IFN genes requires the coordinate activation of multiple transcription factors and their cooperative assembly into transcriptional enhancer complexes in vivo. For example, the IFNB1 gene promoter contains conserved enhancer elements recognized by NF-κB (κB site) and phosphorylated IRF3 (ISRE site, also known as PRDIII or IRF-E). It has been shown that transcriptional activation of the IFNB1 gene requires coordinate and cooperative assembly of an enhanceosome that contains all of these transcription factors (7, 9) .
In the past several years, considerable progress has been achieved on the molecular mechanisms of RLR-mediated induction of type I IFNs. Both RIG-I and MDA5 contain two CARD modules at their N terminus and a DexD/H-box RNA helicase domain at their C terminus (10, 11) . Upon viral infection, the RNA helicase domains of RIG-I and MDA5 serve as intracellular viral RNA receptors, whereas their CARD modules are associated with the downstream CARD-containing adapter protein VISA (also known as MAVS, IPS-1, and Cardif) (12) (13) (14) (15) (16) . VISA-deficient mouse embryonic fibroblasts and conventional dendritic cells (DCs) are defective in producing type I IFNs and proinflammatory cytokines in response to viruses and VISA-deficient mice were susceptible to infection with various viruses, suggesting an essential role for VISA in virus-triggered innate antiviral response (12, 17) . The C terminus of VISA contains a transmembrane domain that anchors VISA to the outer membrane of mitochondria, implying an important role of mitochondria in innate antiviral immunity (15) . The importance of VISA in innate antiviral response is also illustrated by the observation that HCV encoded NS3/4A protease cleaves VISA off the mitochondria, resulting in abrogation of type I IFN induction and chronic HCV infection (14) .
On the outer membrane of mitochondria, VISA acts as a central adapter for assembling a virus-induced complex that activates distinct signaling pathways leading to IRF3 and NF-κB activation. VISA is constitutively associated with another mitochondrionassociated adapter protein MITA/STING, which is also essential for virus-triggered signaling (18) (19) (20) . It has also been reported that VISA is associated with NLRX1, a nucleotide-binding domain and leucine-rich-repeat containing family member, which functions as a brake to regulate virus-triggered signaling (21) . VISA is associated with TRAF2 and TRAF6 through its TRAF interaction motifs (16) . It has been shown that TRAF2 and TRAF6 facilitate K63-linked polyubiquitination of RIP and NEMO respectively. These processes lead to activation of IKK and subsequent NF-κB (22) . VISA is also associated with TRAF3, another member of the TRAF protein family. Gene knockout studies have demonstrated that TRAF3 is essential in virus-triggered IRF3 activation (23) (24) (25) .
In this report, we identified WDR5 as a component of the VISAassociated complex. Viral infection caused translocation of WDR5 to the mitochondria and association with VISA. Knockdown of WDR5 by RNAi impaired formation of virus-induced VISA-associated complex and inhibited virus-triggered NF-κB and IRF3 activation. Our findings suggest that WDR5 is essential for virus-induced assembly of the VISA-associated complex and induction of type I IFNs.
Results
Identification of WDR5 as a VISA-Associated Protein. VISA plays a central role in assembling a complex mediating virus-triggered IRF3 and NF-κB activation. To identify potential new components associated with VISA, we performed Tandem Affinity Purification (TAP) experiments with VISA as a bait protein. An expression plasmid for VISA tagged with Calmodulin Binding Peptide (CBP) and Streptavidin Binding Peptide (SBP) was stably transfected into 293 cells, and VISA-associated proteins were purified by a TAP purification system. The eluted proteins were identified by a shot-gun mass spectrum analysis method. By comparing with other nonrelated purifications using the same method, we identified WDR5 as a protein specifically associated with VISA (Fig. S1 ). WDR5 is a WD repeat protein that has been shown to be a com- To whom correspondence should be addressed: E-mail: shuh@whu.edu.cn.
This article contains supporting information online at www.pnas.org/cgi/content/full/ 0908967107/DCSupplemental. ponent of the mixed lineage leukemia (MLL) complex, which methylates lysine 4 of histone H3 (26) (27) (28) . It has also been demonstrated that WDR5 is developmentally expressed in osteoblasts and required for osteoblast differentiation (29, 30) . EST profile analysis using the GenBank databases indicated that WDR5 was ubiquitously expressed in most tissues, suggesting a broader role for WDR5 in addition to osteoblast differentiation.
To determine whether WDR5 indeed interacts with VISA, we performed transient transfection and coimmunoprecipitation experiments. The results indicated that WDR5 could interact with VISA (Fig. 1A) . In the same experiments, WDR5 also interacted with TRAF3 and TRAF6 but not RIG-I, MITA, TBK1, or IRF3 (Fig. 1A) . Interestingly, the C terminus of VISA, which contains its transmembrane domain, was required and sufficient for its interaction with WDR5 (Fig. 1B) . Previous studies suggest a nuclear function for WDR5 as a component of the MLL complex, and it is unknown whether WDR5 has a role in the cytoplasm. We isolated nuclear and cytoplasmic fractions and found surprisingly that WDR5 was more abundantly localized in the cytoplasm than in the nucleus (Fig. S2) . Endogenous coimmunoprecipitation experiments indicated that WDR5 barely interacted with VISA under physiological conditions, but their interaction was markedly increased at 2 and 6 h after Sendai virus (SeV) infection (Fig. 1C) . In similar experiments, the association of WDR5 with TRAF3 was also increased at 2 and 6 h after SeV infection whereas WDR5 constitutively interacted with TRAF6 (Fig. 1C) . The associations of WDR5 with VISA, TRAF3, and TRAF6 were diminished at 12 h after viral infection (Fig. 1C) . These results suggest that viral infection promotes the association of WDR5 with VISA or TRAF3, whereas WDR5 constitutively interacts with TRAF6.
Viral Infection Causes Translocation of WDR5 to the Mitochondria.
Previously, it has been demonstrated that VISA is localized to the outer membrane of mitochondria (15) . Because WDR5 is associated with VISA following viral infection, we determined whether WDR5 is translocated to the mitochondria following viral infection. We performed cellular fractionation experiments and found that in the absence of viral infection, WDR5 was mostly localized in the cytosol and only trace amount of WDR5 was detected in the mitochondrial fraction. However, after SeV infection, mitochondrionassociated WDR5 was markedly increased, whereas the cytosolic and whole cell WDR5 levels were not markedly changed after viral infection ( Fig. 2A) . Confocal microscopy and cellular fractionation experiments further indicated that viral infection caused marked translocation of WDR5 to the mitochondria, which was probably originated from the nucleus because viral infection caused decrease of WDR5 in the nucleus ( Fig. 2 B and C) . These results suggest that viral infection caused recruitment of WDR5 to the mitochondria.
WDR5 Is Required for Virus-Triggered Activation of IRF3 and NF-κB
and Transcription of the IFNB1 Gene. Because WDR5 is translocated to the mitochondria and associated with VISA after viral infection, we determined whether WDR5 is involved in virus-triggered type I IFN signaling. We made four WDR5 RNAi constructs and determined their effects on knockdown of WDR5. As shown in Fig. 3A , the #3 WDR5-RNAi construct could inhibit expression of transfected WDR5 to 10% of the control sample (P < 0.01). The #1 and #4 RNAi constructs could reduce WDR5 levels to 70% and 60% of the control sample, respectively, whereas the #2 RNAi plasmid had no effect. The #3 WDR5-RNAi construct also markedly inhibited expression of endogenous WDR5 protein either without or with SeV infection (Fig. S3 ). As shown in Fig. 3B , the #3 RNAi construct could significantly inhibit SeV-induced activation of the IFN-β promoter in reporter assays (P < 0.01). Consistent with their effects on WDR5 expression, the #1 and #4 RNAi constructs had minor effects whereas the #2 RNAi construct had no inhibitory effects on SeV-induced activation of the IFN-β promoter (Fig. 3B) . Furthermore, knockdown of WDR5 also inhibited transcription of endogenous IFNB1 gene (Fig. 3C) . These results suggest that WDR5 is required for virus-triggered IFN-β induction.
Activation of the IFN-β promoter requires cooperative actions of IRF3 and NF-κB. Consistently, knockdown of WDR5 by the #3 RNAi construct significantly inhibited SeV-induced ISRE activation in reporter assays (P < 0.01) (Fig. 3D ) and IRF3 phosphorylation (Fig. 3E) , which are hallmarks of IRF3 activation. Knockdown of WDR5 also inhibited SeV-but not IL1-induced NF-κB activation (Fig. 3 F and G) . These results suggest that WDR5 is specifically involved in SeV-induced IRF3 and NF-κB activation pathways.
To determine the molecular order of WDR5 in the virustriggered signaling pathways, we examined the effects of WDR5 knockdown on ISRE activation mediated by components of the virus-triggered pathways. The results indicated that knockdown of WDR5 inhibited RIG-I-, RIG-I-CARD-, VISA-, and MITAbut not TBK1-mediated ISRE activation (Fig. 3H) , suggesting that WDR5 acts downstream of RIG-I, VISA, and MITA but upstream of TBK1.
WDR5 Is Essential for Assembly of the VISA-Associated Complex at the Mitochondria. To further explore the mechanisms on the involvement of WDR5 in virus-triggered signaling, we determined the roles of WDR5 on the assembly of VISA-associated complex following viral infection. To do this, 293 cells were transfected with the #3 WDR5-RNAi plasmid and then infected or left uninfected with SeV for 6 h. The mitochondria were isolated and VISAassociated complex at the mitochondria was immunoprecipitated with anti-VISA antibody. Immunoblot analysis indicated that RIG-I was recruited to VISA in a viral infection dependent manner, whereas MITA, TRAF3 and TRAF6 were constitutively associated with VISA. Interestingly, knockdown of WDR5 expression by RNAi impaired virus-triggered association of VISA with RIG-I or MITA, as well as the constitutive association between VISA and TRAF3 or TRAF6 (Fig. 4) . The impairment of assembly of VISAassociated complex was correlated with down-regulation of RIG-I and MITA at the mitochondria after WDR5 knockdown (Fig. 4) . Because whole cellular levels of RIG-I and MITA were unchanged after WDR5 knockdown (Fig. S3) , these results suggest that WDR5 is important for recruiting RIG-I and MITA to the VISAassociated complex on the mitochondrial membrane. Interestingly, the levels of TRAF3 and TRAF6 were not markedly changed after WDR5 knockdown, suggesting that WDR5 is not involved in recruiting TRAF3 and TRAF6 to the mitochondria but instead is important for the interactions between VISA and TRAF3 or TRAF6.
Discussion
In most cell types, infection by RNA viruses is sensed by the cytoplasmic RNA helicase proteins RIG-I and MDA5. Recognition of viral RNAs by these helicase proteins results in induction of type I IFNs and other antiviral genes (10, 11) . Elucidation of the molecular events of RIG-I and MDA5-mediated induction of type I IFNs is critical for understanding the complicated mechanisms of cellular antiviral innate immune response. Previous studies have revealed that the mitochondrial outer membrane protein VISA plays a central role in assembling a complex mediating virus-triggered IRF3 and NF-κB activation (13) (14) (15) (16) . However, the components of VISA-associated complex and their roles in virus-triggered signaling have not been fully defined. In this report, we identified WDR5 as a VISA-associated component required for virus-triggered activation of IRF3 and NF-κB as well as induction of IFN-β.
Previously, it has been shown that WDR5 is a component of the MLL complex, which methylates lysine 4 of histone H3 (26) (27) (28) . EST profile analysis indicated that WDR5 was ubiquitously expressed in most tissues. Cell fractionation experiments indicated that WDR5 was more abundantly localized in the cytoplasm than in the nucleus. These observations point to a previously unrevealed cytoplasmic function of WDR5. Using a TAP purification approach, we found that WDR5 was associated with VISA. Transient transfection and coimmunoprecipitation experiments indicated that VISA interacted with WDR5 constitutively. However, in untransfected cells, endogenous WDR5 was associated with VISA in a viral infection-dependent manner. These can be explained by two possibilities. Firstly, overexpression of VISA mimics its activation state as suggested by its ability to activate the IFN-β promoter following its overexpression. Second, overexpression may detect weak interaction. In fact, many if not most protein-protein interactions in various signal transduction pathways occur constitutively in overexpression system whereas in untransfected cells the interactions are stimulation-dependent. Consistent with the observation that the interaction between VISA and WDR5 was viral infection dependent, viral infection caused translocation of WDR5 to the mitochondria, as revealed by both cellular fractionation and confocal microscopy experiments. Interestingly, viral infection caused down-regulation of WDR5 in the nucleus, suggesting that the mitochondrion-associated WDR5 may originate from the nucleus.
To investigate the roles of WDR5 in virus-triggered signaling, we determined the effects of WDR5 knockdown on virustriggered IRF3 and NF-κB activation as well as induction of IFN-β. Our results indicated that knockdown of WDR5 inhibited SeV-induced activation of IRF3, NF-κB as well as IFN-β promoter, suggesting that WDR5 is required for virus-induced type I IFN signaling. Consistent with its association with VISA, knockdown of WDR5 inhibited upstream components RIG-I-, VISA-, and MITA-but not downstream component TBK1-mediated signaling. Because knockdown of WDR5 does not inhibit expression levels of RIG-I and MITA, these results together suggest that WDR5 acts downstream of RIG-I and MITA and upstream of TBK1.
Previous studies suggest that overexpression of some of the signaling components of the virus-triggered pathways can activate IRF3, NF-κB, or both. However, overexpression of WDR5 failed to activate either IRF3 or NF-κB in reporter assays. This observation is not totally unexpected in light of the observations on other molecules in the pathways. For example, it is well established that IKKγ is required for activation of NF-κB, whereas TRAF3 is required for virus-triggered IRF3 activation. However, overexpression of either IKKγ or TRAF3 does not activate NF-κB or IRF3 (23, 24, 31) .
In our experiments, we found that knockdown of WDR5 impaired the formation of the VISA-associated complex, providing an explanation of the critical role of WDR5 in virus-triggered type I IFN signaling. Knockdown of WDR5 caused down-regulation of RIG-I and MITA levels in the mitochondria after viral infection, whereas the whole cellular levels of RIG-I and MITA were unchanged after WDR5 knockdown. The simplest explanation for these observations is that WDR5 is important for recruiting RIG-I and MITA to the VISA-associated complex on the mitochondrial membrane. Knockdown of WDR5 also impaired the association of were firstly transfected with a WDR5-RNAi or control plasmid (1 μg). Twenty-four hours later, cells were selected with puromycin (1 μg/mL) for 24 h and then retransfected with ISRE reporter and the indicated expression plasmids (0.1 μg each). Luciferase assays were performed 24 h after the second transfection. Graphs show mean ± SD, n = 3. *, P < 0.05; **, P < 0.01.
VISA with TRAF3 or TRAF6 at the mitochondria. However, the levels of TRAF3 and TRAF6 in the mitochondria were not markedly changed after WDR5 knockdown. These results suggest that WDR5 is not involved in recruiting TRAF3 and TRAF6 to the mitochondria; instead, it is important for the interactions between VISA and TRAF3 or TRAF6. In conclusion, the identification of WDR5 as a component essential for assembly of VISA-associated complex after viral infection provides insights to the molecular mechanisms of virus-triggered type I IFN signaling and cellular antiviral response.
Methods
Reagents. IL-1 (R&D Systems); MitoTracker Red (Molecular Probes); mouse monoclonal antibodies against Flag, HA and β-actin (Sigma), cIAP1 (R&D), AIF, KDEL, and H2B (Santa Cruz Biotechnology); rabbit polyclonal antibodies against TRAF3, TRAF6, and IRF3 (Santa Cruz Biotechnology), and phospho-IRF3 (Ser396) (Upstate) were purchased from the indicated manufacturers. SeV, rabbit anti-VISA, and mouse anti-RIG-I were previously described (16, 32, 33) . Mouse anti-WDR5 antisera were raised against recombinant human WDR5.
Constructs. NF-κB, ISRE, and the IFN-β promoter luciferase reporter plasmids, mammalian expression plasmids for HA-or Flag-tagged VISA and its mutants, RIG-I, TBK1,TRADD, FADD, RIP IRF3, TRAF3, TRAF6, and MITA were previously described (16, 18, 32, 33) . Mammalian expression plasmids for HA-, Flag-, or GFP-tagged human WDR5 were constructed by standard molecular biology techniques.
Protein Purification and Mass Spectrometry Analysis. We firstly made a pCTAP-VISA construct, in which VISA cDNA was inframe fused to the C-terminal CBP and SBP tags in the pCTAP-A plasmid (Stratagene); 293 cells (5 × 10 8 ) stably transfected with pCTAP-VISA were collected and the cell lysate was subjected to tandem affinity purification procedures with the Interplay Mammalian TAP System (Stratagene). The purified VISA-associated proteins were digested by trypsin in solution. The tryptic peptides were analyzed by HPLC-ESI/MS/MS with a Thermo Finnigan LTQ adapted for nanospray ionization. The tandem spectra were searched against Homo sapiens National Center for Biotechnology Information reference database using the SEQUEST. Results was filtered by Xcorr +1 >1.9, +2 > 2.2, +3 >3.5, sp > 500, Deltcn >0.1, Rsp <= 5.
RNAi. Double-strand oligonucleotides corresponding to the target sequences were cloned into the pSuper.retro RNAi plasmid (Oligoengine). The target sequences for human WDR5 cDNA were as follows: #1: 5′-GCTGGGAA-TATCCGATGTA -3′; #2: 5′-GCGTGAGGATATGGGATG -3′; #3: 5′-GAATGA-GAAATACTGCATA-3′; #4: 5′-CAGAGGATAACCTTGTTTA-3′.
Transfection and Reporter Gene Assays. 293 cells (approximately 1 × 10 5 ) were seeded on 24-well plates and transfected the following day by standard calcium phosphate precipitation. To normalize for transfection efficiency, 0.01 μg of pRL-TK or pRL-SV40 Renilla luciferase reporter plasmid was added to each transfection. Luciferase assays were performed using a dual-specific luciferase assay kit (Promega). Firefly luciferase activities were normalized based on Renilla luciferase activities. All reporter assays were repeated at least three times. Data shown were average values ± SD from one representative experiment.
RT-PCR. Total RNA was isolated from 293 cells using TRIzol reagent (Invitrogen) and subjected to RT-PCR analysis to measure the expression of IFNB1 and GAPDH. Gene-specific primer sequences were as follows.
IFNB1: 5′-CAGCAATTTTCAGTGTCAGCAAGCT-3′ and 5′-TCATCCTGTC CTTGAGGCAGTAT-3′; GAPDH: 5-AAAATCAAGTGGGGCGATGCT-3′ and 5′-GGGCAGAGAT-GATGACCCTTT-3′.
Coimmunoprecipitation and Immunoblot Analysis. were infected with SeV for the indicated times or left uninfected. The coimmunoprecipitation and immunoblot experiments were performed as described above.
Subcellular Fractionation. Isolation of mitochondrial, membrane, and cytosolic fraction: 293 cells (5 × 10 7 ) infected with SeV or left uninfected were washed with PBS and lysed by douncing 40 times in 2 mL homogenization buffer (ApplyGen). The homogenate was centrifuged at 500 × g for 10 min. The supernatant (S5) was centrifuged at 5,000 × g for 10 min to precipitate mitochondria (P5K). The supernatant from this step (S5K) was further centrifuged at 50,000 × g for 30 min to yield the P50K, which contains the membrane fraction and the S50K, which mainly consists of cytosol. Isolation of nuclear fraction: 293 cells (5 × 10 7 ) infected with SeV or left uninfected were washed with PBS and lysed by douncing for 40 times in 1 mL CER buffer (ApplyGen). The homogenate was centrifuged at 500 × g for 5 min and the pellet was saved as the crude nuclei, which was then washed twice with 500 μL NER buffer (ApplyGen).
Immunofluorescent Confocal Microscopy. The 293transfected cells were left uninfected or infected with SeV for the indicated time. Cells were incubated with the MitoTracker Red (Molecular Probes) 30 min before the harvest. The cells were then fixed with 4% paraformaldehyde for 10 min and observed with a Leica confocal microscope under a ×100 oil objective.
Pre αV IP Ab:
Pre αV Pre αV ) were transfected with a control or WDR5-RNAi plasmid. Twenty-four hours after transfection, cells were selected with puromycin (1 μg/mL) for 24 h and then infected with SeV for 6 h or left uninfected. After infection, the mitochondria were collected by cell fractionation and the mitochondrial lysates were subjected to immunoprecipitation and immunoblot analysis with the indicated antibodies (Upper). Mitochondrial lysates were analyzed by immunoblots with the indicated antibodies (Lower). Pre, preimmune serum; αV, anti-VISA.
